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ABSTRACT 
 Numerical methods like the finite element (FE) method are often used to evaluate the 
reliability of electronic packages. However, the accuracy of non-linear numerical analyses 
should be confirmed by experimental measurements. In this study, we evaluated the strain 
distribution in flip chip (FC) packages with multi-layered printed circuit boards (PCBs) by 
combining the digital image correlation method (DICM) and the non-linear FE method, 
considering the viscoelasticity of resins and the elastoplasticity and creep of solder alloy. Four 
types of FC package consisting of two types of buildup (BU) resin and two types of underfill 
(UF) resin were evaluated. The distributions of strain on the cutting sections of FC packages 
were measured using the DICM with microphotographs obtained by a confocal laser scanning 
microscope (CLSM). The strain measurements showed that the UF resin with the low 
coefficient of thermal expansion (CTE) reduced thermal strain around a solder bump, and the 
BU resin with the low CTE reduced the strain concentration along the interface between a Si 
chip and a solder bump. We performed the non-linear FE analyses while taking into account the 
viscoelastic Poisson’s ratio of the UF resin and the constant instantaneous Poisson’s ratio. The 
result of the FE analyses with the constant instantaneous Poisson’s ratio did not correspond with 
the strain measurements using the DICM. The normal strain in a solder bump was less than that 
obtained by the measurement, and the direction of a shear strain band in a solder bump was 
different from that measured using the DICM. On the other hand, the FE analyses considering 
the viscoelastic Poisson’s ratio showed good agreement with the strain measurements using the 
DICM. The strain measurement using the DICM improved the accuracy of the non-linear FE 
analysis of micro electronic packages effectively. 
 
1. Introduction 
 The demands for the miniaturization of electronic packages and the further development of 
their performance have driven the development of new micro electronic packaging techniques. 
One of the micro electronic packages is the flip chip (FC) package with a multi-layered printed 
circuit board (PCB). In the FC package, a silicon chip is directly attached to the PCB facedown 
to decrease the size of the package and increase the transmission speed. A multi-layered PCB is 
also effective to decrease the size of a package. The evaluation of the mechanical reliability of a 
FC package with multi-layered PCB is very important because of thermal stress caused by the 
mismatch of the coefficient of thermal expansion (CTE) between many components [1]–[3]. 
 In the development of packaging technology, reliability evaluation has become 
increasingly important. Numerical methods like the finite element (FE) method are often used to 
evaluate the reliability of electronic packages, but the accuracy of numerical analysis is not 
always assured, because some of the materials in a package may have non-linear material 
properties such as the viscoelasticity of resin and the elastoplasticity and creep of solder alloy.  
It is therefore necessary that we confirm the accuracy of the numerical analyses by experimental 
measurements. Measuring the warpage of a package during thermal loading is important to 
confirm any numerical analyses of thermal deformation, but such measurement may not be 
sufficient to confirm the accuracy of a numerical analysis. Thus, the direct measurement of stress or 
strain fields in the microstructures of packages were performed using laser Raman spectroscopy [4] and 
laser interferometry techniques[5]–[7]. Kishi et al. [5] and Liu et al. [6] measured the displacement in 
BGA packages using the laser Moiré interferometry. Mikel et al. [7] measured the displacement in a flip 
chip package also using the laser Moiré interferometry. The digital image correlation method (DICM) 
[8]-[10] is also useful to measure the strain distributions. In particular, the DICM with microphotography 
can be efficiently applied to the measurement of strain fields in the microstructures of packages. In these 
studies, the authors measured displacement in electronic packages. However, they did not compare their 
measurement with the numerical analyses. 
 In this study, we examined the strain distribution in FC packages with multi-layered PCBs 
by combining the DICM and the non-linear FE method while considering the viscoelasticity, 
elastoplasticity and creep factors. We evaluated four FC packages consisting of two types of 
buildup (BU) resin and two types of underfill (UF) resin. By comparing the measurements and 
the FE analyses, we verified the accuracy of the FE analyses and investigated the effect of 
constitutive models of materials on the accuracy of the FE analyses. 
 Among the non-linear materials in the FC packages, the viscoelasticity of UF resin has a 
great influence on the reliability of solder joints [11]–[13]. The isotropic viscoelasticity of UF 
resin has been generally modeled by the relaxation modulus, neglecting the time-temperature 
dependence of Poisson’s ratio. This might seriously affect the results of FE analyses because the 
volume change of UF resin may be underestimated.  
 In this study we examined the effects of two kinds of UF resin and two kinds of BU resin 
on the strain distribution in FC packages during thermal loading using the DICM with 
microphotographs obtained by a confocal laser scanning microscope (CLSM).We determined 
the viscoelastic properties of UF resins, which were time-temperature dependent on the 
relaxation moduli and Poisson’s ratios, by stress relaxation tests, and we then performed FE 
analyses of FC packages while taking into account the time-temperature dependence of 
Poisson’s ratios of UF resins. We also performed FE analyses with constant instantaneous 
Poisson’s ratios of UF resins. Finally, we compared the strain distributions between the FE 
analyses and the measurements using the DICM. As part of the comparisons, we investigated 
the influence of the time-temperature dependence of Poisson’s ratios on the strain distributions 
in FC packages. We discuss the improvement of the accuracy of the FE analysis of electronic 
packages using the strain measurement by the DICM. 
 
2. Measurement of strain distribution in FC package under thermal stress 
 
2.1 Four types of FC package with multi-layered PCBs 
 We made four types of FC package with multi-layered PCBs using two types of UF resin 
and two types of BU resin. A schematic of the cross-sectional structure of a FC package is 
shown in Fig. 1. The CTEs and Young’s moduli of these materials are shown in Fig. 2. The 
combinations of UF resins and BU resins in FC packages are shown in Table 1. The CTEs and 
Young’s moduli were obtained using a TMA (thermo-mechanical analyzer) and a DMA 
(dynamic mechanical analyzer), respectively. Solder bumps in FC packages are made of 
Sn-3.0Ag-0.5Cu. 
 Thermal cycle tests for the four types of FC packages were carried out as shown in Fig. 3. 
The results show the disconnection rates of respective FC packages after 1000 thermal cycles. 
The failure rates of the Nos. 2 and 4 packages with UF-2 resin, which has lower CTE and higher 
glass transition temperature (Tg), were zero. In the comparison between No. 1 and No. 3 
packages with higher CTE of UF resins, the failure rate of package No. 3 with BU-2 resin was 
less than that of package No. 1 with BU-1 resin. According to the results, FC packages with the 
lower CTE and higher Tg UF and BU resins had higher reliability than those with the higher 
CTE and lower Tg UF and BU resins. In particular, the material properties of UF resins had 
great influence on the reliability of FC packages. 
 
2.2 Preparation for strain measurement 
 We cut out a part of each FC package, as shown in Fig. 4, and polished the cross-sections 
of the specimen. We took digital images using a CLSM (OLYMPUS LEXT OLS3000) to 
measure the strain distributions on the cross-sections of the specimens by the DICM [10]. The 
specimens were subjected to thermal loading in a heat chamber, as shown in Fig. 5. The 
surfaces of the cross-sections were painted with ink spray to draw random patterns for the 
DICM, as shown in Fig. 6. The temperature in the heat chamber was changed from 25˚C to 
125˚C, as shown in Fig. 7. The strain distributions were measured at every 25˚C of temperature 
change, and we obtained the total strain distributions caused by heating from 25˚C to 125˚C. 
 
2.3 Results of strain measurement 
 Fig. 8 shows the shear (εxy) and normal (εy) strain distributions around the solder bumps 
beside the edges of Si chips by the DICM. Strain in and around solder bumps on the No. 3 and 
No. 4 specimens with UF-2 was lower than that on the No. 1 and No. 2 specimens.  The strain 
along the interface between a solder bump and a Si chip on the No. 3 specimen is slightly lower 
than that on the No. 1 specimen, but the difference was not significant. These measured strain 
distributions obtained using the DICM can explain the result of the thermal cycle test presented 
in Fig. 3 qualitatively.  
 
3. Measurement of the viscoelasticity of UF resins 
 
3.1 Linear isotropic viscoelastic theory 
 According to the linear viscoelastic theory [14–17], the stress and strain relationship at time 
t is described by the following integral expression:  
 σ y (t) = E(t-τ )
dε y (τ )
dτ−∞
t
∫ dτ , (1) 
where σy, E ,εy and t are the stress, relaxation modulus, strain and time, respectively. If the 
constant strain εy0 is assumed to be suddenly applied at time t = 0 in the stress relaxation test, the 
expression (1) can be written as 
 σ y (t) = E(t) ⋅ε y0  (2) 
 For the volumetric change of the viscoelasticity under uniaxial tensile loading, the 
relationship between tensile axial strain (εy) and lateral direction strain (εx) is given by the 
following equation [15]: 
 −ε x (t) = ν(t-τ )
dε y (τ )
dτ−∞
t
∫ dτ , (3) 
where ν is Poisson’s ratio. If the constant strain εy0 is assumed to be applied in the stress 
relaxation test, the expression (3) can also be written as 
 ε x (t) = −v(t) ⋅ε y0  (4) 
In the case of isotropic material, two dependent parameters such as E and ν can be obtained by 
the stress relaxation test. 
 
3.2 Preparation for the stress relaxation test (SRT) 
 We performed the stress relaxation test (SRT) with the DICM and measured the variation 
of stress, axial strain and lateral strain. The experimental system is shown in Fig. 9. During the 
test, the digital images of the surface on rectangular specimens of UF resins were taken by a 
complementary metal-oxide semiconductor (CMOS) camera with a microscope lens. The size 
of a specimen was about 45 × 10 × 1 mm, and the surfaces were painted by ink spray to draw 
random patterns. 
 The displacement of a specimen was increased to the prescribed initial tensile strain within 
about one second. The initial tensile strains of UF-1 and UF-2 were 0.45% and 0.35%, 
respectively, at room temperature, and these strains were lower than the respective yield strains. 
To prevent vibration noise just after applying the load, we initiated the capture of surface 
photographs 10 seconds after the initial loading and finished at 1000 seconds. These 
measurements were implemented at various temperatures. The strain of a UF-1 resin specimen 
was measured every 10˚C twice started from 5˚C and 10˚C, because it was difficult to measure 
every 5˚C due to the rapid relaxation. Eventually, the strain of UF-1 resin specimens was 
obtained every 5˚C up to 77.2˚C. On the other hand, the strain of a UF-2 resin specimen was 
measured every 10˚C up to 101.0˚C by just one measurement because of the slow relaxation. At 
each temperature, the temperature was stabilized for more than 30 minutes before loading.  
 
3.3 Results of the stress relaxation test 
 Fig. 10 shows the distributions of displacement on the surface of the specimen of UF-1 
resin measured by the DICM at 31.7 ˚C. The strain in the regions surrounded by broken lines 
was averaged. The variations of tensile axial strain (εy) and lateral strain (εx) with the relaxation 
time are shown in Fig. 11. Relaxation moduli of UF resins were calculated from the mean strain 
and the mean stress of specimens using Eq. (2) for respective temperatures to reduce the 
influence of the scattered strain measurements. The variations of relaxation moduli at respective 
temperatures with the relaxation time are shown in Fig. 12. The results show smooth curves of 
relaxation moduli of UF-1 and UF-2 at respective temperatures. On the other hand, Poisson’s 
ratios were calculated by domain-averaged axial and lateral strains using Eq. (4). The relaxation 
moduli, as shown in Fig. 12, are used to build the relaxation master curves under the assumption 
of time-temperature superposition theory, which is based on the thermorheological simplicity of 
UF resins. Obtained relaxation master curves are shown in Fig. 13. Here, the reference 
temperatures (T0) in UF-1 and UF-2 resins were 57.2 ˚C and 71.5 ˚C, respectively. The shift 
factors were well approximated by the Arrhenius equations as follows: 
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where aT, ΔH, R and T are the shift factor, activation energy, gas constant and absolute 
temperature, respectively, and β is a constant value (β = 1/2.303). The master curves of 
Poisson’s ratios were also made, as shown in Fig. 14. The same shift factors with the relaxation 
moduli were assumed for respective Poisson’s ratios, because the data of Poisson’s ratios were 
too scattered to obtain the shift factors from them. The master curves of relaxation moduli and 
Poisson’s ratios were fitted by the Prony series as follows: 
 E(t)=E∞ + Ek exp(−t /τ k )
k=1
n
∑  (6) 
 ν(t)=ν∞ + νk exp(−t /τ k )
k=1
n
∑ , (7) 
where Ek and νk are participation factors and τk is the relaxation time. The participation factors 
and the relaxation times principally can be fitted by the Prony series. We selected the relaxation 
times to cover all data points and decided the participation factors using the least squares 
approximation method. The master curves must be monotonically decreasing for relaxation 
moduli and monotonically increasing for Poisson’s ratios, so all participation factors of 
relaxation moduli and Poisson’s ratios should be negative and positive, respectively. We 
removed the terms of the Prony series that had irregular signs and used the least squares 
approximation method to determine the remaining participation factors again. This procedure 
was repeated until all the participation factors of relaxation moduli and Poisson’s ratios became 
positive and negative values, respectively. The fitting curves of relaxation moduli and Poisson’s 
ratios by the Prony series are demonstrated in Figs. 13 and 14, respectively. 
 
4. The FE analyses of FC packages 
 
4.1 Implementation of the viscoelastic model in the FE method 
 For analyses of the stress and strain fields in FC packages, a commercial FE package, MSC. 
MarcTM, was used. It can analyze the viscoelastic problem to satisfy the thermorheologically 
simple behavior. This analysis requires the Prony series of the master curves of relaxation shear 
modulus G(t) and relaxation bulk modulus K(t) and the shift factor [18]. The shear and bulk 
moduli, G(t) and K(t), are related to the measured relaxation modulus E(t) and Poisson’s ratio 
ν(t) on the basis of the correspondence principle following Laplace transform relations [15]: 
 E(s) = 2G(s)[1+ sv (s)]  (8) 
 E(s) = 3K (s)[1− 2sv (s)] , (9) 
where s is the Laplace operator, and E(s) , G(s)  and K(s) , are Young’s modulus and the 
shear and bulk moduli in the Laplace space, respectively. The inverse Laplace transforms of 
these equations are given by the convolution integral formulations as follows: 
 E(t) = 2G(t)+ 2 G(t-τ ) dv(τ )dτ0
t
∫ dτ  (10) 
 E(t) = 3K (t)− 6 K (t-τ ) dv(τ )dτ0
t
∫ dτ  (11) 
These integral formulations must be solved using the discrete approximation. The first-order 
accurate discretizations are described as follows [16]: 
 Gn =








3En + Kg[vn − vn,1 ]+ Ki[vn,i−1 − vn,i+1]i=1
n−1
∑
1− vg − vn,n−1
 (13) 
Here, fg = f (glassystate), fn = f (tn ), fn,i = f (tn − ti ) . The relaxation shear and bulk moduli can 
be numerically obtained using the Prony series of the measured relaxation Young’s moduli and 
Poisson’s ratios. The numerically obtained shear and bulk moduli were also fitted by the Prony 
series for the input data for Marc™. These fitting curves by the Prony series are shown in Fig. 
15. The coefficients of the Prony series for E(t), G(t), K(t) and ν(t) are shown in Table 2. 
 In this study, to examine the effect of the time-temperature dependence of Poisson’s ratio 
on the accuracy of the FE analyses, we calculated another relaxation bulk modulus, K(t,ν0), 
without considering the viscoelastic behavior of Poisson’s ratio, using the following equation: 
 K (t,ν0 ) =
2(1+ν0 )
3(1− 2ν0 )
G(t) , (14) 
where ν0 is the constant instantaneous Poisson’s ratio (UF-1 : 0.3795, UF-2 : 0.2414). The effect 
of Poisson’s ratio on the shear modulus was not investigated, because the effect was much less 
than that for the bulk modulus, and the relaxation shear modulus can be easily obtained by the 
relaxation shear test and the dynamic mechanical analysis (DMA). The comparison of 
relaxation bulk modulus between K(t) and K(t,ν0) is shown in Fig. 16. As shown in the figure, 
the bulk modulus considering the effect of Poisson’s ratio, K(t), is much larger than that with 
the constant instantaneous Poisson’s ratio, K(t,ν0), and the difference between K(t) and K(t,ν0) is 
significant when the Poisson’s ratio is closer to 0.5 at longer time and higher temperature. 
 
4.2 FE model of FC packages 
 The FE analyses were carried out using MSC. Marc™. A symmetrical quarter of each 
specimen of the FC package was modeled by a three-dimensional FE model, as shown in Fig. 
17. The FE model consists of a global and a local model. The local model includes a detailed 
structure of solder joints around a chip edge. This model contacts the global model so that the 
displacements on the surfaces of two models correspond each to other along the interface 
between them using “the glue contact option” of Marc™. In the whole model, the volume ratios 
of solder and copper correspond with those of the actual test specimen.  The 3D FE element 
type used for the analyses was the linear hexagonal solid element. 
 
4.3 Material properties 
 The elastoplastic and creep behaviors of the lead-free solder alloy were considered. The 




&εc = exp(0.1595T − 50.841) ⋅σ n(T )
n(T ) = −0.0321T +11.889 , (15)
 
where  &εc is the creep strain rate. Table 3 shows the relationship between yield stress and plastic 
strain for the solder alloy. The measured viscoelastic behavior of UF resins was considered. BU 
resins were assumed to be isotropic linear elastic material with Poisson’s ratio, ν = 0.3, because 
of the higher Tg. The Young’s moduli and CTEs of BU and UF resins measured by the DMA 
and the TMA are shown in Fig. 2. We assumed the components of FC packages, except the UF 
resins and solder alloy, to be isotropic linear elastic materials, whose material properties are 
shown in Table 4. 
 
4.4 Thermal conditions in FE analyses 
 In the FE analyses, the initial temperature in each FC package was set so that the warpage 
at room temperature (25˚C) in the FE analyses corresponded to the experimental measurements. 
Determined initial temperatures are shown in Table 5. In the table, the ‘model GK’ shows the 
viscoelastic model with G(t) and K(t) obtained by Eqs. (12) and (13), which consider the 
time-temperature dependence of Poisson’s ratio of UF resin. The ‘model G’ shows the model 
with G(t) obtained by Eq. (12), and K(t,ν0) obtained by (14) which is calculated by the constant 
instantaneous Poisson’s ratio. Each specimen of the FC package was cooled to 25˚C from each 
stress free temperature at a rate of 0.5˚C/min and kept at 25˚C for 10 min at the top of the FE 
analysis. Then, it was heated to 125˚C so it would have the same temperature history as the 
corresponding strain measurement. The temperatures in the FC packages were assumed to be 
homogeneous because of the small size of the specimens. 
 
5. Evaluation of the FE analyses using the measurements by the DICM 
 
5.1 Comparison among four types of FC package 
 Figs. 18 and 19 showed the shear (εxy) and normal (εy) strain distributions around the solder 
bumps beside the edges of Si chips, which were calculated by the FE analyses using the model 
GK and the model G, respectively. In the results of both models, the packages of No. 2 and No. 
4 with UF-2 showed lower strain in the solder bumps than did the packages of No. 1 and No. 3, 
and relatively agreed with the measurements by the DICM. However, the packages of No. 3 and 
No. 4 with BU-2 showed almost the same strain distribution as those of the packages of No. 1 
and No. 2 with BU-1, respectively. One of the reasons for this small difference might be that the 
difference in material properties of BU resins in Fig. 2 applied to FE analyses was too small to 
affect the strain distribution. The material properties of BU resins in Fig. 2 were measured after 
a long curing time, and they might be different from those in the actual FC packages.  
 
5.2 Comparison between the viscoelastic models of UF resins 
 We considered the influence of the time-temperature dependence of Poisson’s ratios of UF 
resins on the strain distribution. The distributions of shear strain in the solder bumps for No. 1 
and No. 3 with UF-1 shown in Fig. 18 (model GK) were concentrated from the upper left corner 
to the lower right corner. The directions of the shear strain bands correspond with those 
measured by the DICM, as shown in Fig. 8 (a). However, in the cases of No. 1 and No. 3 in Fig. 
19 (model G), the directions of the shear strain bands were different from the measurements. On 
the other hand, the shear strain bands of No. 2 and No. 4 with UF-2 obtained by both models 
(GK and G) are not much different from each other, and they show relatively good agreement 
with the measurements by the DICM regarding the magnitude of shear strain. The tensile strain, 
εy, in the solder bumps obtained by the model GK is larger than that obtained by the model G. 
This tendency is significant in the packages of No. 1 and No. 3 with UF-1. As shown in Fig. 16, 
the bulk moduli considering the viscoelastic Poisson’s ratios, K(t), is bigger than those assuming 
the constant Poisson’s ratios, K(t, ν0), at longer relaxation time, and it is more significant for 
UF-1 resin than UF-2 resin. This increase of the bulk modulus causes the bigger thermal volume 
expansion of UF resins in the model GK than that in model G, and the solder bumps were 
stretched between a Si chip and a PCB by the bigger thermal expansion of UF resin. The 
increased tensile strain obtained by the model GK corresponded well with that measured by the 
DICM. 
 
5.3 Change of the directions of shear strain bands in the solder bumps 
 To clarify the reason for the change of the directions of shear strain bands in the solder 
bumps according to the viscoelastic model of UF resins, G and GK, we performed the following 
analyses for a single solder bump model, as shown in Fig. 20. We calculated the distributions of 
shear strain in a solder bump under a uniform shear strain with three different types of vertical 
load: (i) simple shear with no vertical load, (ii) shear stress with tensile vertical load, (iii) shear 
stress with compressive vertical load. Uniform shear strain was applied as the constant relative 
displacement of 2 µm along the x-axis between a Si chip and a copper board, and vertical tensile 
and compressive loads of 2 MPa were applied on the bottom surface of a copper board.  
 Fig. 21 shows the distributions of shear stress in a solder bump under the combination of 
shear stress and three types of vertical load. The distribution under simple shear was similar to 
the measurement by the DICM for the packages of No. 2 and No. 4 with UF-2 resin. The 
distribution under the combination of shear stress and tensile vertical load was similar to the 
DICM measurement and the FE analyses with model GK for the packages of No. 1 and No. 3 
with UF-1 resin. The distribution under the combination of shear stress and compressive vertical 
load was similar to the FE analyses with model G for the packages of No. 1 and No. 3 with 
UF-1.  
 According to these results, we found that the vertical stress in a solder bump moved the 
concentrated region of shear strain in the bump. As mentioned previously, the vertical load in a 
solder bump was greatly influenced by the value of Poisson’s ratio. It is very important to 
consider the viscoelastic behavior of Poisson’s ratio of UF resin whose volume is constrained 
by surrounding components. The measurement of the distribution of strain using the DICM and 





 We evaluated the strain distributions around the solder bumps beside the edges of Si chips 
in four types of FC package with multi-layered PCBs using the DICM and FE analysis while 
considering the viscoelasticity of UF resin and the elastoplasticity and creep of solder alloy. 
According to the strain measurements using the DICM, UF resin with lower CTE and higher Tg 
reduced the thermal strain in solder bumps, and BU resin with lower CTE and higher Tg 
reduced the strain concentration along the interface between a Si chip and a solder bump.  
 We performed a stress relaxation test to obtain the viscoelastic properties of UF resin and 
found that the relaxation bulk modulus taking the time-temperature dependence of Poisson’s 
ratio into account was much larger than that with the constant instantaneous value, especially 
for the UF-1 resin. We performed FE analyses of FC packages while taking into account the 
time-temperature dependence of Poisson’s ratio of UF resin (model GK), and with the constant 
instantaneous value (model G). In the results of the FE analyses with the model G, the 
directions of shear strain bands in solder bumps were different from those measured using the 
DICM. The normal strain in solder bumps calculated by the FE analyses with the model G was 
less than that obtained by the measurement. However, the FE analyses with model GK showed 
good agreement with the strain measurements by the DICM.  
 To clarify the reason for the change in direction of a shear strain band in a solder bump, we 
calculated the distributions of shear strain in a solder bump under a uniform shear strain with 
three types of vertical loads. We found that the vertical stress in a solder bump changed the 
direction of a shear strain band in the bump.  
 The viscoelastic behavior of Poisson’s ratio of UF resin, whose volume is constrained by 
surrounding components, must be considered to calculate the distribution of stress and strain 
around a solder bump in UF resin. The strain measurement using the DICM improved the 
accuracy of the non-linear FE analyses of micro electronic packages effectively. 
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Table 2 Coefficients of Prony series for both UF resins. 
 





















































































Fig. 2 Material properties of BU and UF resins. 
 
 
Fig. 3 Comparison of failure rates among FC packages after thermal cycle test. 
  
 













Fig. 7 Thermal history of the strain measurement. 
 	 	 	 	 	 	 	 	  
 
 a) shear strain distribution   b) normal strain distribution 
 








Fig. 10 Displacement fields during SRT and calculation region to obtain domain-averaged 
strain. 
 
             
 
 a) UF-1 resin     b) UF-2 resin 
 
Fig. 11 Variations of strain with time at several temperatures during the stress relaxation test 
measured by the DICM. 
 
     	   
 
 a) UF-1 resin     b) UF-2 resin 
 




            
 
 a) UF-1 resin (T0 = 57.2℃)                       b) UF-2 resin (T0 = 71.5℃) 
 
Fig. 13 Master curves of relaxation moduli obtain by the measurement and the approximation 
curves by Prony series at the reference temperature, T0, and their shift factors. 
  
 
 a) UF-1 resin (T0 = 57.2℃)                      b) UF-2 resin (T0 = 71.5℃) 
 
Fig. 14 Master curves of Poisson’s ratios obtained by the experiment and the approximation 








Fig. 15 Master curves of relaxation shear moduli and bulk moduli for both UF resins. 
(UF-1 : T0 = 57.2℃, UF-2 : T0 = 71.5℃) 
  
 





Fig. 17 1/4 symmetrical FE model of a FC package specimen. 
            
 
 a) Shear strain distribution εxy                       b) Normal strain distribution εy 
 
Fig. 18 Strain distributions in the FE analyses after heating from 25℃  to 125℃  with 





               
 
 a) Shear strain distribution εxy                     b) Normal strain distribution εy 
 
Fig. 19 Strain distributions in the FE analyses after heating from 25℃ to 125℃ with the 
constant instantaneous Poisson’s ratios of UF resins (Model G). 
  
 




Fig. 21 Effect of vertical stress on the distributions of shear strain in a solder bump. 
 
